The responses of the quantum efficiencies of photosystem (PS) II and PSI measured in vivo simultaneously with estimations of the activities and activation states of NADP-malate dehydrogenase, chloroplast fructose-1,6-bisphosphatase, and nbulose-1,5-bisphosphate carboxylase were used to study the relationship between electron transport and carbon metabolism. The effects of varying irradiance and CO2 partial pressure on the relationship between the quantum efficiencies of PSI and 11, and the activity of these enzymes shows that the interrelationships vary according to the limitations placed on the system. The relationship between the quantum efficiencies of PSII and PSI was linear in most situations. In response to increasing irradiance, the activity of all three enzymes increased. In the case of NADP-malate dehydrogenase this increase was well correlated with the estimated flux of electrons through PSI and PSII. The other two enzymes showed a more complex relationship with the estimated flux of electrons through both photosystems. These relationships are consistent with the known interactions between these stromal enzymes and the thylakoids. The response to varying CO2 partial pressure is more complex. The efficiencies of PSI and 11 declined with decreasing CO2 partial pressure and the activity of each enzyme varied uniquely. However, there are clear correlations between the activities of the enzymes and the flux of electrons through the photosystems. In contrast to the data obtained under conditions of varying irradiance, there is clear evidence of photosynthetic control of electron transport when the CO2 (13, 29, 30) . It has been suggested that FBP and thioredoxin act sequentially to activate FBPase (12, 13) . That substrate is required for activation in vivo has been demonstrated via work with isolated intact chloroplasts (13) where, in contrast to NADP-MDH, which showed significant light activation in the presence or absence of oxygen, FBPase was inactive in anaerobic conditions. Activation of the latter enzyme was stimulated in this situation by dihydroxyacetone phosphate which enters the chloroplast via the phosphate translocator and is converted into the substrate FBP by the reactions of the Benson-Calvin cycle (13 
states of the light-regulated enzymes of the Benson-Calvin cycle is necessary, if not fundamental, for the understanding of photosynthetic electron transport and photosynthetic control. It is clear that electron transport can only operate efficiently when the supply ofNADP, ADP, and PI is nonlimiting and the composite parameter of the redox and phosphorylation potentials, termed assimilatory power or assimilatory force, is low (9) . Assimilatory force is kept low when reduction and assimilation of CO2 by the Benson-Calvin cycle is rapid. This can only occur when the CO2 is in adequate supply and the light-modulated enzymes of the Benson-Calvin cycle are activated (9) . Light modulation of NADP-MDH occurs principally by reversible thiol reduction via the ferredoxin-thioredoxin system (3) . (A complete list of abbreviations used in this paper can be found in Table I .) These redox-sensitive components respond to both the supply of electrons from PSI and also to their utilization in metabolism. For this reason it has been suggested that the activation state of NADP-MDH is a useful "metabolic indicator" of the redox state of the stroma (24) . In addition, since direct measurement of the NADP/NADPH system must be viewed with extreme caution the measurement of the activation state of NADP-MDH may provide a more accurate physiological method of measurement of the relevant reduction state of the stroma. The thiolmodulated enzymes of the Benson-Calvin cycle, such as fructose-1 ,6-bisphosphatase and sedoheptulose-1 ,7-bisphosphatase, show a more complicated response to prevailing conditions in the stroma because of cooperative activation by reductant, pH, and substrate (13, 29, 30) . It has been suggested that FBP and thioredoxin act sequentially to activate FBPase (12, 13) . That substrate is required for activation in vivo has been demonstrated via work with isolated intact chloroplasts (13) where, in contrast to NADP-MDH, which showed significant light activation in the presence or absence of oxygen, FBPase was inactive in anaerobic conditions. Activation of the latter enzyme was stimulated in this situation by dihydroxyacetone phosphate which enters the chloroplast via the phosphate translocator and is converted into the substrate FBP by the reactions of the Benson-Calvin cycle (13) .
The relationship between the quantum efficiencies of PSI = NADP-malate dehydrogenase = quantum efficiency of PSI = quantum efficiency of PSII = quantum efficiency of photochemical quenching by oxidized reaction centres of PSII = product of X, and irradiance = product of X,, and irradiance = coefficient for the photochemical quenching of Chl a fluorescence = level of modulated Chi a fluorescence during a dark interval following a brief irradiation by far-red light to oxidize any QA = level of modulated Chl a fluorescence during a saturating pulse of irradiance = level of modulated Chl a fluorescence at steady state = fructose-1,6-bisphosphate = fructose-1,6-bisphosphatase = plastoquinone = the primary electron acceptor to PSII = ribulose-1,5-bisphosphate carboxylase and II, and the quantum efficiency of CO2 fixation has been described (5, 6, 28) . These results have shown that there is a tight coupling between the quantum efficiencies of both photosystems, and that when photorespiration is suppressed there is a good correlation between the efficiency of either photosystem and the quantum yield of CO2 fixation. However, the relationship between the quantum efficiencies of the photosystems and the activation states of stromal enzymes is largely unexplored.
Previous observations suggest that though the reduction state ofthe acceptor sides ofboth photosystems are not simply related, there is an overall positive correlation between them (24) . It also appears that in air the acceptor pool of PSI is not over-reduced, except temporarily, for example during sudden increases of irradiance (7, 8, 28) . The enzymes measured in the present study give information on the availability of reducing equivalents in the stroma ( 
Biophysical Measurements
Chl fluorescence and light-induced absorbance changes at 820 nm (AA820), due to P-700 oxidation or reduction, were measured within a leaf area of 1.25 cm2, defined by a circular mask as described previously (7, 8 (6) . The portion of the lamina that had been irradiated was immediately frozen and cut from the leaf using a solid brass cutter chilled to liquid nitrogen temperatures. This operation required the interruption of the irradiation of the leaf but the leaf was frozen within 5 s of this interruption. We estimate that less than 10% of the activity measured at any time is lost during these extraction procedures.
The r/, the redox state of PSII (qQ), the 0exc (that is the photochemical efficiency of open PSII centers), and the oi were calculated as described previously (4, 6) .
Enzyme Assays NADP-MDH, FBPase, and RuBP carboxylase activities were measured in extracts of leaf discs in which metabolism had been stopped by freezing followed by immersion in liquid N2. The leaves were pulverised in liquid N2 and the leaf powder was resuspended either in 0.1 M Tricine-KOH buffer (pH 8.0) containing 1 mM dithiothreitol, 10 mM MgCl2, 1 mM EDTA, and 0.1% Triton X-100 or, alternatively, the extraction buffer described by Scheibe and Stitt (24) . The The assay for FBPase was adapted from that of Leegood et al. (13) . Activity was measured by the increase in absorbance at 340 nm in a reaction mixture (1 mL) containing 100 mm Tricine-KOH buffer (pH 8.0), 10 mM MgCl2, 10 mM dithiothreitol, 0.2 mM NADP, 0.5 mm fructose-1,6-bisphosphate, and glucose phosphate isomerase (10 units mL-3) and glucose 6-phosphate dehydrogenase (2.5 units mL-3). Maximum activity was measured following incubation of the extract with 100 mm dithiothreitol, 2 mm fructose-1,6-bisphosphate, 10 mM MgCl2, and 0.1 M Tricine-KOH buffer (pH 8.0) for 10 min at 25°C prior to assay. RuBP carboxylase activity was measured as described by Parry et al. ( 17) . tion. As 4l declines qQ also declines; in previous studies (5, 6) this relationship has been found to be curvilinear, however, in this instance the degree of scatter makes it impossible to determine the detail of the relationship between 4l and qQ. At values of X, close to 1.0 an abrupt decline of both qQ and X,, is implied because even at the lowest irradiance employed (120 ,umol m-2 s') qQ and oil are lower than the values recorded for the dark adapted state.
Response of the Activities of NADP-MDH, FBPase, and RuBP Carboxylase to Increasing Irradiance
In darkness the activities of the thiol-modulated enzymes NADP-MDH and stromal FBPase were low (1-10% maximal activity). The activation state of FBPase rose sharply with increasing irradiance to a light intensity of approximately 400 smol m-2 s-' after which the activation state was relatively constant with increasing irradiance. In contrast, the activities of RuBP carboxylase ( increased gradually with increasing light intensity from approximately 44% activation at 100 ,umol m-2-s-' to 75% activation at 1000 ,umol m-2 s'.
The flux of reducing equivalents through PSI (JI) is a function of the product of X, and irradiance. A similar argument applies to the product of /,, and irradiance. The relationship between the activation state of NADP-MDH and J, (Fig. 4) Chi.
-40 r20 i00 ppm CO2 (by extrapolation), X, displays more complex havior. From 400 to 100 ppm CO2 XI declined with decreas-CO2 concentration, then at 100 ppm there is a divergence the data (Fig. 8) . Below 100 ppm some samples showed a ntinuation in the decline in X, that occurred above 100 m. Other samples indicate an apparent increase in 4l with .reasing CO2 concentration. A comparison of 01, (Fig. 9 ) th ol suggests that for most samples the relationship between efficiencies ofboth photosystems is linear. The exceptional nples are the three that do not lie on the principal line of rrelation between X, and CO2 partial pressure (Fig. 8) Figure 10 , and the relationship between the activity of RuBP carboxylase and CO2 concentration is shown in Figure 11 . It is clear that because of scatter it is difficult to draw any conclusions concerning the dependency of the activation of any of these enzymes on CO2 concentration. However, when considered in relation to an index of thylakoid electron flux, these data become more understandable as discussed below. (Fig. 6) . With values of JI, above 140 the FBPase activation state increases with increasing values of J,,. The relationship between J,, and FBPase activation in the latter case is similar to that displayed between J,, and FBPase activation over a range of irradiances and constant CO2 concentration (Fig. 6 ).
RuBP carboxylase activation shows a slight increase with increasing J,, (Fig. 7) photosystems. An increase in resistance will result in an increase in the pool of P-700+ and normally a fall in both qQ and 0ex such that X,, declines. An increase in the resistance for the electron flow between the two photosystems can be brought about by a fall in the intrathylakoid pH (27) . The maintenance of a greater intrathylakoid proton concentration would require either a change in the H+/e-ratio for linear electron flow or in an increase in the cyclic flux around PSI, or both. An increase in the rate of proton pumping relative to linear electron transport is necessary because as the intrathylakoid proton concentration is increased the rate ofpassive proton leakage through the thylakoid membrane will also increase. The existence of an active cyclic path around PSI would also allow the retention of a relatively high X, at low CO2 concentrations in the absence of significant photorespiration. Low CO2 concentrations under these conditions would be expected to severely restrict noncyclic electron flow due to a failure to regenerate NADP. The efficiency of PSII declines toward zero as CO2 partial pressures are reduced as would be expected given its predominant involvement in linear electron flow. However, until cyclic electron flow in vivo is unambig- (7) is constant with increasing irradiance. Figure 9 . Relationship between oil (0, *), qQ (0), and XI for pea Therefore, the resistance for electron flow between PSI and II leaves subjected to a range of C02 concentrations in 2% 02 balance is normally not subject to a change in response to increasing N2 and an irradiance of 735 umol m-2 s-1). The data indicated by (U)
irradiance. This is contrary to the commonly accepted model represent those values of oll for which the corresponding estimate of for photosynthetic control which proposes that with increas-(p might be incorrect due to restriction of PSI oxidation on the ing irradiance the Benson-Calvin cycle becomes progressively acceptor side.
limiting with respect to photosynthesis. This would restrict the rate of electron flow through the thylakoid electron transuously demonstrated, its inference from changes in X, relative to oil must be considered as speculative.
The three aberrant samples with values of , higher than would be expected may be due to overreduction of PSI acceptor pool. These samples are associated with both low qQ (0.214-0.304) and high values of NADP-MDH activation (29.5-33.6 ,umol h-' mg-' Chl). If cyclic electron flow is occurring as well as linear electron flow, then both the PQ pool and the NADP pool must be considered as limitations for the flux of electrons from PSI. If overreduction of the PSI acceptor pool limits P-700 oxidation, an estimate of X, based on the relative size of the P-700+ pool will be inaccurate.
Under conditions of varying irradiance the relationships between the estimated fluxes through both photosystems (J1 and J,,) and the activation state of the enzymes NADP-MDH and FBPase is simple. Both enzymes become more active as the flux of electrons increases. The light activation of NADP-MDH occurs principally via the modulation of thiol groups on the enzyme (23) . Thus, the activation state of this enzyme can be used as a metabolic indicator of the physiologically relevant redox-state of the chloroplast stroma. Since NADP-MDH activity increases as the flux of reducing equivalents through both photosystems increases, this implies a progressive increase in the steady state pool of NADPH in the stroma as the flux of electrons from the thylakoids increases. Scheibe and Stitt (24) (28 ppm) . This strongly suggests that there is an efficient regulation of both noncyclic and cyclic electron flow in these circumstances that limits the increase in the degree of reduction of components in the stroma.
RuBP carboxylase activation was nearly 80% at high irradiance. The activation state decreased with decreasing irradiance in line with previous observations (14, 18, 19, 21) . However, Pisum sativum does not show the strong inhibition of ribulose bisphosphate carboxylase activity in darkness associated with the production of the tight-binding inhibitor, carboxyarbinatol 1-phosphate (25) . The small decreases in rublose bisphosphate carboxylase at low irradiance in these experimentsalso suggestthe absence ofan inhibitor. However, the activation state is probably maintained via the 'activase' system (15) which requires ATP (20) (21) (22) . Changes in the activation state of the ribulose bisphosphate carboxylase may, therefore, respond to changes in the ATP/ADP ratio of the stroma. However, changes in RuBP carboxylase activation state can be observed in leaves in the absence of any large change in adenylate concentrations (2) . There are, therefore, undoubtedly other factors involved in the regulation of RuBP carboxylase activation in vivo that, thus far, remain unresolved (21, 22) . We have no explanation for the difference between the relationship between J,, and ribulose-1,5-bisphosphate activity under conditions of varying irradiance in air, and varying CO2 concentrations in 2% 02 in N2. Of enzymes measured in this study, those regulated by mechanisms involving thiol modulation (NADP-MDH FBPase), marked changes in activity with changes in J1 or J,,. This is not true of ribulose bisphosphate carboxylase, an enzyme that is not influenced by the thioredoxin system but primarily responds to ATP content.
CONCLUSIONS
Under conditions of varying irradiance (where photorespiration can occur), the flux through PSII to NADP is determined by irradiance and the quantum efficiencies of PSII and PSI. Under these conditions the activities of both NADP-MDH and FBPase are closely correlated with the estimated flux through PSII and PSI.
Previous work (7) showed no change in the t',2 for P-700+ reduction over a range or irradiances (i.e. no evidence for a change in degree of photosynthetic control of electron transport). This study shows only a small change in the activation of NADP-MDH with increasing irradiance. Together these two observations suggest that the capacities of the thylakoids and the stroma are exceptionally well coordinated under the conditions of these experiments.
With varying CO2 partial pressure, constant irradiance and low 02 concentration (to suppress photorespiration) large changes in both X, and oil occur which suggests that photosynthetic control ofelectron transport is occurring under these 
